We describe an automated kinetic assay for acetoacetate in blood. Acetoacetate is enzymatically reduced to D-flhydroxybutyrate and the reaction is monitored for 60 S with a reaction-rate analyzer. This technique allows low concentrations of acetoacetate to be measured with good precision and overcomes many of the problems associated with other automated techniques. Our studies on the stability of acetoacetate emphasize the need for care in handling specimens. The use of a reaction-rate analyzer, an item of equipment common to most laboratories, allows for rapid handling of samples in small or large batches, depending on the needs of the laboratory. 
Interest in the metabolic disturbances associated with diabetes mellitus and other catabolic states has led to the need for simple analytical procedures to determine intermediary metabolites, in particular the ketone bodies. Enzymatic determinations of the ketone bodies, 3-hydroxybutyrate and acetoacetate, became possible after the production of semi-pure 3-hydroxybutyrate dehydrogenase (EC 1.1.1.30) (1) . Use of this enzyme provided enhanced specificity over the earlier chemical methods (2, 3) . The original method involved spectrophotometry, which is time consuming and not particularly sensitive and does not allow for large batch processing. Attempts to automate the procedure by using a conventional continuous-flow analyzer linked to a fluorometer have been successful for 3-hydroxybutyrate (4), but in our hands have not been satisfactory for reproducible and accurate estimation of the small amounts of acetoacetate often present in blood. Recently enzymatic methods have been developed in which pseudo-zero-order or first-order kinetics are used to determine certain substrates (5) . These depend on the substrate concentration being many times smaller than the Km value of the enzyme and therefore lend themselves to the measurement of substances at very low concentrations. This paper describes a method for the kinetic determination of acetoacetate, and seeks to overcome some of the constraints of using fluorometric and spectrophotometric assays in the presence of very low substrate concentration.
Materials and Methods

Principle of the Method
The method is based on the fact that 3- (3, 7, 8) . Three types of samples were therefore investigated:
(1) Plasma-Venous blood was collected into commercially prepared tubes (Searle Diagnostics, High Wycombe, Bucks, U.K) containing lithium heparin, mixed by inversion, and centrifuged without delay.
(2) Acid extract of deproteinized whole bloodWhole blood was deproteinized by adding about 1.5-2 ml of venous blood to a preweighed bottle containing 5 ml of ice-cold 0.8 mol/liter perchioric acid. The sample was well mixed by inversion and the bottle was reweighed, centrifuged, and the acid supernatant fluid removed for analysis. The dilution of blood was calculated from the weight change observed. (3) Neutral extracts of deproteinized whole blood. By including a laborious neutralization step it is possible to overcome the problems associated with perchioric acid. The perchioric acid supernate was taken into a weighed tube, which was then reweighed. Two drops of Universal Indicator were added and the sample was titrated to about pH 7.0 with 2 mol/liter potassium hydroxide. The tube was then reweighed and centrifuged to remove the potassium perchiorate precipitate. The further dilution was calculated from the weight differences.
Assay protocol. The method described allows for measurement of acetoacetate in plasma samples and in whole blood after deproteinization.
Pipette 0.2 ml of sample or standard into a reaction cuvette and add 0.8 ml of the appropriate buffer/NADH mixture, depending on the type of sample. Load the reaction cuvettes into the racks and place them into the input magazine of the instrument. Having set up the instrument as indicated in Table 1 , and primed the reagent pump, feed the reaction cuvettes through according to the manufacturer's instructions.
Determine the absorbance change per minute from the recorder trace, using the comparator provided, and, having subtracted the reagent blank, determine the sample acetoacetate concentrations by reference to a calibration curve. 
Results
Analytical Variables
Buffer type and pH. The pH optimum is about 7.0 for the reaction (6) . Buffers with pKa values in this region-including N-(2-acetamido)-2-aminoethane sulfonic acid, N-(2-acetamido)aminodiacetic acid, tris(hydroxymethyl)methylamine, triethanolamine, and sodium phosphate-were compared at pH 6.9 to determine which buffer supported the highest enzymatic activity. Because of the known lability of NADH in acid solution, the absorbance changes caused by nonenzymatic breakdown of NADH were also assessed for each buffer. It was found that the phosphate buffer offered a marginally more sensitive system. Using a 0.1 mol/liter sodium phosphate buffer, we investigated the effect of pH over the range 6.1-7.5. It can be seen from Figure 1 that the nonenzymatic breakdown of NADH increases with decreasing pH. However, the pH optimum appears to be near 6.9. Investigation of buffer concentration at pH 6.9 showed that nonenzymatic breakdown of NADH increased with molarity of buffers, with a small increase in the rate of enzymic conversion of acetoacetate up to a buffer molarity of 0.3 mol/liter.
Coenzyme and enzyme concentration. This type of pseudo-zero-order or first-order reaction, in which the rate is a function of substrate concentration, depends on the relation that exists between the enzyme and its substrates and cofactors. Therefore the effect of varying the NADH and enzyme concentrations was investigated at several acetoacetate concentrations. The NADH range was limited in part by the reaction rate analyzer, which can accommodate a maximum reaction-mixture absorbance of 1.8.
A preliminary study suggested that reaction rates were satisfactory at about 0.3 tmol of NADH and 0.2 U of hydroxybutyrate dehydrogenase per cuvette. In a further study, we varied the NADH concentrations in each cuvette from 0.23 to 0.34 umol at enzyme activities of 0.15 and 0.25 U/cuvette over a range of acetoacetate concentrations up to 0.5 mmol/liter. The results (Figure 2) demonstrate that the absorbance change per minute was increased at the higher enzyme concentration, as would be expected. However, linearity of the calibration curve at the highest substrate concentration (0.5 mmol/liter) was a function of NADH concentration. An enzyme concentration equivalent to 0.15 U per cuvette and an NADH concentration of 0.34 tmol per cuvette were chosen for routine use in the plasma assay system. This enzyme activity gave a satisfactory response relative to the clinical range of acetoacetate concentrations studied. Effect of perch loric acid on plasma assay system. Titration of 0.3 mol/liter perchloric acid with various phosphate solutions showed that it was necessary to increase the pH of the buffer in order to maintain the reaction mixture pH at 6.9 on adding the acid sample. Use of a 0.3 mol/liter sodium phosphate buffer with an initial pH of 8.2 led to a reaction pH of 6.9 with the volumes given in the original assay protocol. To test the effect of perchloric acid on the assay system, we added 0.1 mmol/liter solutions of acetoacetate, prepared in concentrations of perchloric acid ranging from 0 to 0.5 mol/liter, to 0.3 mol/liter phosphate buffers, all prepared to given final reaction mixtures of pH 6.9. The results ( Figure 3) show that the sensitivity of the reaction decreases with increasing concentrations of perchioric acid. It was necessary to increase the enzyme concentration when acid extracts were used, because the perchloric acid decreased the catalytic activity.
By neutralizing the acid extract as described earlier, it was possible to use the same assay system used for plasma samples.
Precision and Recovery
We studied plasma samples and perchloric acid extracts with and without neutralization. Calibration standards were prepared over the range 0 to 0.5 mmol/ liter in distilled water for the plasma and neutralized samples and in 0.5 mol/liter perchioric acid for the acid samples (Figure 4 ). Within-batch precision was determined by analyzing 20 replicates of standards (20 to 100 mol/liter) and samples containing low and high concentrations of acetoacetate. The results (Table 2) show that in each instance the precision is considerably better for the higher concentrations of acetoacetate, the in- (Table 3) show a variation in the mean recovery for each type of sample.
Stability of Sample
A 200-mi sample of venous blood was taken from each of seven subjects after a 15-h fast. Two-thirds of each sample was placed in lithium heparmn-containing tubes and the remainder was diluted with twice its volume of 0.8 mol/liter perchioric acid in a preweighed flask. Both samples were centrifuged without delay. Half of the acid supernatant fluid was apportioned whilst the remainder was taken through the neutralization procedure before being divided into aliquots for storage.
The plasma samples were assayed 10 mm after taking the blood, the perchloric acid-treated samples were assayed 40 mm after taking the blood, and the neutralized samples within an hour. All three types of samples were stored at room temperature, 4#{176}C, and -20 #{176}C immediately after aliquoting when the first measurements were made, then assayed daily for another five days. Figure 5 shows the mean for all samples.
Clearly, if the sample is not to be analyzed immediately the supernatant plasma and the perchloric acid extract should be stored at -20 #{176}C. The neutral extracts should be analyzed within 24 h and perchloric acid extracts within 48 h.
Comparison of Results
Fifty samples of blood were collected into 0.8 mmol/ liter perchloric acid and aliquots of the acid extracts were assayed with the LKB Reaction Rate Analyser. The remaining acid extracts were then neutralized and assayed by the manual spectrophotometric method of Mellanby and Williamson (6) . The results ( Figure 6 ) show a good correlation between the two methods.
A further 30 samples of blood were taken and the acetoacetate in whole-blood acid extract and plasma were assayed with the Reaction Rate Analyser. The acetoacetate concentrations in the whole-blood samples were within the range 70-95% of the plasma values.
Discussion
Since the successful purification of 3-hydroxybutyrate dehydrogenase
(1), many variations have been described for the enzymatic estimation of acetoacetate. The methods depend on monitoring the co-enzyme NADH spectrophotometrically or fluorometrically. Spectrophotometric monitoring of NADH is less sensitive and therefore larger sample volumes are required to achieve sensitivity comparable to that of fluorometric assays. The larger sample volumes make it necessary to neutralize acid extracts, so as not to overload the buff- ering capacity of the assay system. Furthermore because of the low concentrations of acetoacetate frequently found in normal subjects and the characteristics of the enzyme used, the reaction requires a lengthy incubation stage to reach completion. In our hands the fluorometric assay, although suitable for measuring acetoacetate concentrations in ketotic conditions, has been unsatisfactory at the normally low substrate concentrations because of the native fluorescence of the sample blanks.
Although the spectrophotometric procedure is less sensitive, it can be adapted for use on modern reaction-rate analyzers. These instruments have in many cases been designed with NADH-linked reactions in mind and incorporate electronic initial-absorbance blank-correction facilities to allow accurate and reproducible monitoring of small absorbance changes. This development in instrumentation opens up the possibilities for development of analytical techniques based on kinetic measurements. Consideration of Michaelis-Menten kinetics will show that when the substrate concentration is many times smaller than the Michaelis constant, the reaction rate depends mainly on substrate concentration (9) . The kinetic approach has been applied to the measurement of acetoacetate in whole blood and plasma. Acetoacetate may be present in the blood in very low concentrations, and consequently the absorbance changes are small; however, acceptable precision has been achieved without resorting to large sample volumes. The reaction was monitored for 1 mm; longer measuring periods were deemed unsatisfactory because of a loss of linearity of the reaction rate and the instability of the sample.
Earlier end-point methods have yielded good precision in many cases as a result of large sample volumes. However it has been shown in this work that when using a perchloric acid extract the effective catalytic activity of the enzyme is reduced and higher levels of 3-hydroxybutyrate dehydrogenase are required. One approach is to neutralize the samples; however, this adds a further step to the method that affects the overall precision of the method. A survey of the literature indicates that there is a wide variation of views on the stability of acetoacetate.
Our experience with attempts to increase the period of monitoring of reaction rates led us to conclude that acetoacetate is unstable at room temperature.
From the data shown in Figure 5 , we conclude that samples of blood must be collected into ice-cold perchloric acid and separated as quickly as possible, with the supernatant fluid being stored at -20 #{176}C no longer than three days. Plasma samples are satisfactory if they are stored at -20 #{176}C, but the analyses must be done within 24 h of specimen collection.
